ABSTRACT Total left ventricular external power and aortic input impedance spectra were calculated from recordings of pulsatile pressure and flow in the ascending aorta of 22 human subjects undergoing cardiac catheterization. Eleven subjects had increased aortic pressure (systolic 153 + 3.8[SEM] mm Hg, p < .001; diastolic 91 + 2.4 mm Hg, p < .03; mean 118 ± 2.4 mm Hg, p < .001) and constituted the group with mild hypertension (average age 50 ± 1.9 years). The other 11 (age-matched) subjects had normal arterial pressures and constituted the control group. Cardiac output in the hypertensive group was abnormally high (6.9 ± 0.3 liters/min, p < .04) compared with that in control subjects (6.1 + 0.2 liters/min), so that peripheral resistance was similar. Characteristic aortic impedance (index of aortic elastance) was increased in the hypertensive group (142 + 19 vs 72 ± 4.5 dyne-sec-cm-5, p < .002), as was the fluctuation of impedance moduli and phase. These elevated pulsatile components of arterial load were associated with a significant (p < .002) increase in pulsatile left ventricular external power (89%), and the increased cardiac output was associated with a significant (p < .001) increase in steady flow power (31%). The ratio of pulsatile to total power was also increased (38%) in the hypertensive group (p < .001). Increased characteristic aortic impedance in the hypertensive group suggests that the human aorta is stiffer, and fluctuations in the impedance spectra suggest increased or less dispersed wave reflections. These alterations in the systemic arterial tree suggest that factors other than blood pressure and peripheral resistance impose an additional, functionally important hydraulic load on the left ventricle of subjects with mild or borderline hypertension. Circulation 74, No. 3, 455-462, 1986. THE TOTAL external hydraulic power developed by the left ventricle to propel blood through the systemic circulation can be determined from analysis of pulsatile pressure and flow recordings at the entrance to the system.",2 Hydraulic power determined in this manner depends not only on the ability of the left ventricle to do external work but also on the properties of the arterial tree into which blood is ejected. The aortic input impedance spectrum can be used as an expression of these properties.3 For example, the stiffer the aorta, the larger the impedance moduli',6 and the greater the amount of power required to produce a given blood flow.",6 External ventricular power can be separated into two components -one associated with mean blood flow (steady power) and the other with vascular pulsations (pulsatile power)., 2, 6 Experimentally produced hypertension, arteriosclerosis, and aortic coarctation6' cause higher impedance values over the frequency band that contains most of the energy of the flow wave delivered from the ventricle. Under these conditions more energy is lost in vascular pulsations. Porje8 has measured pulsatile and steady components of external left ventricular power in humans and has shown increases in pulsatile as well as steady components when blood pressure was elevated with norepinephrine. In patients with aortic coarctation, he found the ratio of pulsatile to total external power increased from between 10% and 17% to between 24% and 37%. Milnor et al.9 measured pulsatile and steady components of right ventricular power in patients with pulmonary hypertension and found both to be increased compared with control values. The purpose of this investigation was to study pulsatile pressure-flow relationships and vascular imped-
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Methods
Patients. The subjects in this study were adults who were undergoing diagnostic cardiac catheterization studies for a chest pain syndrome. The Representative examples of the input impedance spectra obtained from a subject in the normotensive group and a hypertensive patient are shown in figure 2. In both patients input impedance moduli fell steeply from a high value at zero frequency (input resistance) to a minimum between 4.0 and 6.0 Hz, and then increased to a well-defined maximum. In the normotensive subject the minimum occurred at 4.7 Hz, whereas in the hypertensive patient it occurred at 5.5 Hz. Characteristic impedance was 273 dyne-sec-cm -5 in the hypertensive patient compared with 60 dyne-sec-cm-S in the normotensive subject. Also, in the hypertensive patient the fluctuation of the impedance moduli was greater. The increased aortic stiffness in the hypertensive patient increased all impedance moduli as pulsewave velocity increased, shifting the impedance minimum and "zero crossing" of the impedance phase to higher frequencies.
Total left ventricular external hydraulic power (tables 1 and 2) associated with aortic blood flow averaged 1578 + 72 mW in the normotensive subjects. Average total power (2179 ± 99 mW) was significantly (p < .001) higher in the hypertensive patients compared with normal subjects. The individual values, however, overlapped somewhat. The "pulsatile component" of hydraulic power, which expresses the energy expended in pulsations and depends predominantly on the physical properties of the aorta, constituted a larger part of the total power in the hypertensive patients than in the normotensive group (388 + 32 vs 205 ± 14 mW, p < .001). In addition, the ratio of pulsatile to total power was significantly (p < .001) greater in the hypertensive patients (18 + 1. 1% vs 13 0.8%). Kinetic energy accounted for less than 2% of the total power in both patient groups and therefore was not considered in the calculation of power.
Discussion
Aortic input impedance. Aortic input impedance, the complex relationship of pulsatile pressure However, the aortic input impedance spectra were different in the hypertensive patients. The principle findings were (1) an increase in amplitude of moduli at lower harmonics, (2) an increase in characteristic impedance, (3) an increase in amplitude of the fluctuations between maximum and minimum impedance moduli, and (4) a shift in the impedance modulus minimum to a higher frequency. Figure 2 illustrates the effects of hypertension on the ascending aortic input impedance spectra. The curve on the left indicates impedance spectra in a normotensive subject and that on the right impedance spectra in a hypertensive patient. The latter curve is displaced upward by the impaired elastic properties of the proximal aorta and proximal large arteries and to the right by increased stiffness of the arterial tree (increased pulsewave velocity). Gabe et al.24 and O'Rourke and Taylor3 observed similar changes in normotensive humans and dogs, respectively, during norepinephrine infusion, and we' have shown similar alterations in a small group of patients with mild systemic hypertension. Milnor et al.9 have also shown increases in the main pulmonary artery impedance in patients with pulmonary hypertension. Increases in age are known to increase the elastance of the aortic wall," 13. 22, 25, 26 and experimental stiffening of the aorta by extemal constraints has been shown to increase characteristic aortic impedance.6 In the present study average age was not significantly different in the normotensive and hypertensive groups. Thus, age-matching eliminated this as a possible contributing factor to the observed differences in impedance.
Prolonged elevation of arterial pressure induces vascular changes such as increased wall thickness due to hypertrophy of the smooth muscle cells and, possibly, increased deposition of fibrous proteins.27 28 The elastic modulus is also increased because the resting tension in the wall is decreased, resulting in a changed variation of diameter for a given pressure variation; that is, the arterial vasculature becomes less distensible. Increased wall thickness (h) and reduced distensibility (E) both increase pulse-wave velocity (c) and characteristic impedance (since from the MoensKorteweg formula c2 = Eh/2pR; p = blood density; R = luminal radius). Fluctuations in modulus and phase of the input impedance spectra and increases in amplitude at lower harmonics are due to wave reflections at peripheral sites, principally at the arteriolar level. The frequencies at which such fluctuations occur depend on the distance and wave velocity between the heart and peripheral reflecting sites. The fluctuations in the impedance moduli and phase angles that accompany increased blood pressure are attributable to 
